Silver nanoparticle paste (SNP) was demonstrated to be a promising candidate as an alternative material to conventional silver electro-plating. The sintered film of SNP in a reductive atmosphere showed excellent bonding strength equivalent to the value of the silver electro-plated surface in gold and copper wire bonding. The silver hybrid paste (SHP) composed of micro and nanoparticles has been newly developed. SHP with 40 μm thickness exhibited low volume resistivity after sintering. The sintered film showed good wire bondability.
Introduction
In recent years, printed electronics technology using metal nanomaterials has attracted a great deal of attention in its applications. [1] Conventional electronic systems are traditionally fabricated using photolithography. This system requires multiple steps, time consuming processes and expensive facilities. In addition, the photolithographic process generates large volumes of hazardous waste, which damage the environment. As for printed electronics, the formation of electronic circuits and devices is possible using print technology. And it is expected in price reduction, productivity improvement, and environmental friendliness including resource saving. In particular, ink-jet printing is an attractive tool. Ink-jet technology offers numerous advantages; it is an environmentally friendly process that eliminates etching solutions, uses fewer processing steps, reduces processing time and lowers costs. Direct patterning using ink-jet printing eliminates the preparation of masks. It is a non-contact process that selectively deposits a broad range of materials onto a wide range of substrates in a drop-by-drop manner.
Recently there has been active research to develop applications by using ink-jet printing technologies such as organic TFT. [2, 3] Print heads are controlled by computer.
The uniform ejection of the paste droplets from the print head enables it to deliver precise amounts of paste to specified positions on a substrate. The paste, containing a high amount of nanoparticles, should be ejected by piezoelectric ink-jet nozzles to apply the metal particles. The paste should have the physical and rheological properties of liquid for ink-jet printing.
The unique physical property of metal nanoparticles can be derived due to a large amount of atoms on the surface of the nanoparticles. The melting point of metal nanoparticles can be dramatically decreased. This behavior is the result of the property known as quantum size effect. The large depression of melting point occurs in the case of gold nanoparticles less than 5 nm in diameter. [4] Metal nanoparticle paste can be printed by ink-jet and then converted into bulk metal after sintering. Therefore, metal nanoparticles can be applied to organic substrates and easily-oxidized materials, such as copper lead frame.
The silver electro-plating process is the conventional method for the formation of bonding pads on a copper lead frame. Gold wires are used to connect to this silver pad of the die pad. The bonding pad pitch on copper lead frames is getting finer in recent years. The pad formation by a silver electro-plating could not satisfy this requirement.
Direct pad formation by ink-jet printing using silver nanoparticle paste (SNP) has some advantages. This process has several environmentally friendly benefits compared with a silver electro-plating, because the chemical compounds such as AgCN are not needed for ink-jet printing. In the silver electro-plating process, waste of silver electro-plating solution must be treated to recover silver.
The amount of silver consumed by ink-jet printing is much less compared with the electro-plating method because the required amount of SNP can be precisely applied to the place where required. Fine pitch pad formation is also a great feature.
This report explains the development of SNP for practical use, primarily in ink-jet printing technology as an alternative to silver electro-plating. In order to correspond with various printing methods, a silver hybrid paste (SHP) was newly developed. Sintering conditions and inner structure are also described.
Experimental

Silver pastes
The feature of silver pastes is summarized in Table 1 .
Silver nanoparticle paste (SNP) is suitable for ink-jet printing because the viscosity is very low, around 10 mPa·s, in spite of the metal content up to 65 mass%. Silver hybrid paste (SHP) for screen printing consists of micro and nanoparticles. Silver nanoparticle paste-2 (SNP-2) for screen printing consists of only nanoparticles.
The volume resistivity (ρ) of silver film was calculated by Eq. (1). Electrical resistance was measured using the four-terminal method.
R; Electrical resistance of the film (Ω)
A; Cross-sectional area of the film (cm 2 )
ℓ; Length of the film (cm)
Wire bonding
The bonding pads (200 μm 2 ) were fabricated using printing process and sintering process on a copper lead frame.
Figure 1 (a) shows the semiautomatic wire bonder (HB16, TPT) used in the experiment. To measure average pull strength, 10 wires bonded on the silver film were pulled by a hook with a load meter, as shown in Fig. 1 (b) .
Result and Discussion
Bonding pad fabrication in ink-jet printing using silver nanoparticle paste (SNP)
Silver nanoparticle paste (SNP) consists of silver nanoparticles that have a narrow size distribution. Figure   2 shows a TEM image of silver nanoparticles used in SNP.
The nanoparticles were produced by a chemical reaction method in liquid phase. Nanoparticles covered with dispersants are highly stable. Particle size distribution of silver nanoparticles is shown in Fig. 3 . The sizes of nanoparticles are quite uniform with an average diameter of 12 nm.
The sintering temperature greatly affects the elimination and decomposition process of the dispersant. These processes are simply activated by heating in an air atmosphere. Change of volume resistivity by sintering temperature is indicated in Fig. 4 (a) . The volume resistivity of the sintered SNP is very low (1.9 μΩ·cm), and close to that of the bulk silver (1.6 μΩ·cm). The cross-sectional SIM image of sintered SNP at a sintering process of 220°C for 60 min in an air atmosphere is shown in Fig. 4 (b) . Nanoparticles were successfully sintered and formed large silver grains
were obtained. Table 2 shows wire bondability of SNP and silver electro-plating on a copper lead frame under various conditions. Firstly, wire bonding using a gold wire on sintered film of SNP was done. The bonding pad (200 μm 2 ) was printed using ink-jet printing and sintered at 230°C for 60 At each test point, an average pull strength of more than 11 gf, equivalent to the value of the silver electro-plated surface was obtained. Breakage mode on silver pads became stable; almost all of the wire breakage occurred at the middle of the wire (mode C).
In recent years, due to the increase in gold wire prices, Pd-coated copper wire has become an attractive way to control costs. [5] In this process, nitrogen gas can be used as a non-oxidizing gas during ball formation. Pd-coated copper wire bonding on a sintered film of SNP was
achieved. An average pull strength of more than 13 gf was obtained.
The cross-sectional image of sintered SNP at a sintering temperature of 230°C in an air atmosphere is shown in Fig. 5 (a) . A layer of oxidation was observed between the sintered film and a copper lead frame. The layer of oxidation was analyzed by EDX (Table 3 ). Due to this oxidized layer, bonding strengths were weakened. The cross-sectional image of sintered SNP at a sintering temperature of 300°C in a reductive atmosphere is shown in Fig. 5 (b) . In a reductive atmosphere, oxidized layer was not observed between the sintered film and a copper lead frame.
Sintered film of SNP showed excellent bonding strength, equivalent to the value of the silver electro-plated surface. SNP has a potential to possibly replace a silver electro-plating. observed. SHP's inner structure with 40 μm thickness sintered at 180°C is indicated in Fig. 9 (a) . The grains grew greatly, and a porous structure was not observed. On the other hand, SNP-2's inner structure with 35 μm thickness sintered at 230°C was porous structure and the grain growth of silver particles was not observed (Fig. 9 (b) ).
The difference of the volume resistivity of the each paste was caused by a difference of the inner structure. Table 4 shows wire bondability of SHP on a copper lead frame. SHP was sintered at 300°C for 30 min in a reductive atmosphere (N 2 /3%H 2 ) and a gold wire bonding was attempted. SHP showed an excellent bonding strength (14 gf) equivalent to the value of silver electro-plating. 
Conclusions
Ink-jet printing using silver nanoparticle paste (SNP)
can be applied to printed electronics. The inner structure of SNP was observed. SNP converted into bulk silver when sintered at over 220°C. A good wire bondability was obtained for the sintered SNP at 300°C in a reductive atmosphere. SNP was applied to copper lead frame and we propose that the material be used as a replacement for silver electro-plating. Silver hybrid paste (SHP) was composed of micro and nanoparticles was newly developed.
SHP is suitable for screen printing. Sintered film of SHP showed low volume resistivity close to bulk silver when sintered at over 180°C, regardless of film thickness. The sintered film showed good wire bondability.
